ABSTRACT A century-long decline of the fishery for the Eastern oyster Crassostrea virginica (Gmelin, 1791) in Maryland and Virginia stimulated numerous efforts by federal, state, and nongovernmental agencies to restore oyster populations, with limited success. To learn from recent efforts, we analyzed records of restoration and monitoring activities undertaken between 1990 and 2007 by 12 such agencies. Of the 1,037 oyster bars (reefs, beds, or grounds) for which we obtained data, 43% experienced both restoration and monitoring, with the remaining experiencing either restoration or monitoring only. Restoration activities involved adding substrate (shell), transplanting hatchery or wild seed (juvenile oysters), bar cleaning, and bagless dredging. Of these, substrate addition and transplanting seed were common actions, with bar cleaning and bagless dredging relatively uncommon. Limited monitoring efforts, a lack of replicated postrestoration sampling, and the effects of harvest on some restored bars hinders evaluations of the effectiveness of restoration activities. Future restoration activities should have clearly articulated objectives and be coordinated among agencies and across bars, which should also be off limits to fishing. To evaluate restoration efforts, experimental designs should include replication, quantitative sampling, and robust sample sizes, supplemented by pre-and postrestoration monitoring.
INTRODUCTION
During the late 19th century, the Eastern oyster Crassostrea virginica (Gmelin, 1791) fishery in Maryland and Virginia was the largest in the world. The combined landings in both states represented about 59% of all U.S. landings in the early 1890s and more than 3 times the combined harvest of all foreign countries at that time (Stevenson 1894) . At their peaks, landings for the 3 states were estimated to be 19.5 million standard U.S. bushels in Maryland in 1884 and 10.6 million standard U.S. bushels in Virginia in 1904 (Fig. 1) . Most of the landings were from Chesapeake Bay, but a small quantity was from the coastal bays on the Atlantic coast of both states.
During the next century, yields declined ( Fig. 1 ) because of overfishing, habitat destruction, and disease (Kennedy & Breisch 1983 , Kennedy 1989 , Rothschild et al. 1994 , Hargis & Haven 1999 . During this period of decline, resource agencies in Maryland and Virginia, as well as a number of federal and nongovernmental organizations, attempted numerous restoration efforts, with limited success (Brooks 1891 , Kennedy & Breisch 1983 , Kennedy 1989 . Initial restoration efforts apparently were implemented solely to maintain the fishery. However, during the past two decades it has become apparent that oysters provide important ecological services (Newell 1988 , Kennedy 1996 .
Widespread recognition of the ecological importance of oysters was sparked by Newell's (1988) paper that proposed that Chesapeake Bay had changed from a benthic-based ecosystem to a more pelagic ecosystem, and attributed that change to the long-term depletion of more than 99% of the standing stock of oysters. Subsequent studies added to our understanding of the role of oyster bars (reefs, beds, or grounds) as habitat for other estuarine organisms, including commercial species like striped bass Morone saxatilis (Walbaum, 1792) and the blue crab Callinectes sapidus Rathbun, 1896 (e.g., Coen et al. 1999 , Breitburg et al. 2000 . These insights into the ecological functions of oyster bars encouraged additional restoration activities (e.g., Rodney & Paynter 2006 , Grabowski & Peterson 2007 .
Despite the large investment in efforts to restore oyster populations and the oyster fishery in Maryland and Virginia during the past two decades, there has been no comprehensive analysis of what was done or the outcome of restoration attempts. To evaluate success or failure of these efforts, we developed a database of restoration and monitoring activities from 1990 to 2007 in Chesapeake Bay and the coastal bays. The intent was to provide a synthesis of the lessons learned with regard to the specific scientific and management goals (resource exploitation, ecological function, or both) that have driven these restoration efforts and, in particular, any successes in reaching such goals. We also hoped that the synthesis could be used to develop a model for future data archiving efforts as well as future restoration actions incorporating only those practices most effective in rehabilitating depleted populations.
The task of evaluating the success or failure of restoration activities proved to be challenging given: (1) the dispersed nature of the data, (2) difficulty accessing the data, and (3) widely varying formats or statistics used by data providers in some cases. Unfortunately, specific restoration goals, whether qualitative or quantitative, were not identified for many restoration efforts. In some instances, it is possible to infer the goals, but they are less certain in others. The lack of clear measures makes evaluating success toward meeting inferred goals difficult. Nevertheless, we developed some key observations, coupled with cautionary comments about data limitations. With these limitations in mind, we feel the database has significant value and provides a number of avenues to interested researchers for more detailed analyses. We also feel that lessons learned from efforts that produced data of sufficient detail in one state should be broadly applicable Bay-wide and beyond, and should inform future efforts as new restoration and monitoring protocols are implemented.
This article summarizes the results of our efforts in assembling this extensive database as well as an accounting of the restoration and monitoring activities. It also provides an initial metadata analysis structured by a series of questions used to frame the study (Table 1) . As this summary demonstrates, although some of these questions could be answered by the data we collected, a number of others remain unanswered as a result of a paucity of information or poor experimental design with respect to testing effective strategies. This is not to say that the restoration efforts were not successful. Rather, data for determining success were often not collected or were not made available to us.
DATABASE DEVELOPMENT AND ARCHITECTURE
To develop the database, we requested data from agencies involved in restoration in Maryland and Virginia and worked to develop an architecture for the database that would accommodate different inputs and allow for analysis. We assembled, collated, and analyzed 73,549 records of oyster restoration and monitoring activities between 1990 and 2007 (ORET 2009 ). Additional data from an experimental restoration program in the Great Wicomico River estuary (Schulte et al. 2009) were not included in the core database but are described in the discussion.
We received data from 12 sources in Maryland and Virginia (Table 2 ) and constructed a database using Microsoft Access.
The data were assembled in five linked tables that incorporated site information, monthly data in relation to a particular Bay geographical segment (there are 92 segments in the Bay; see USEPA (2008)), information on water quality in each segment, a listing of restoration activities, and a listing of monitoring activities (see ORET (2009) for a view of the database architecture and how the user interface operates). The resulting 73,549 entries cover the diverse set of activities that comprised restoration and monitoring of oyster bars (a distinct geographical unit that corresponds to a historical oyster reef, bed, or ground) in the Bay. Entries are both geographically and temporally referenced, and the database is accessible for statistical (e.g., SAS, R) and GIS (e.g., ArcGIS) analyses. It can be found at http://ches.communitymodeling.org/models.php#ORET.
Restoration
Five major types of restoration activities were defined in the database (Table 3) . These fell into two categories: (1) efforts to enhance the adult stock of oysters on a bar to provide for sustained reproduction or for commercial harvests and (2) efforts to improve the physical habitat of a bar to encourage subsequent larval settlement or to remove diseased oysters.
Monitoring
Various types of monitoring are relevant for evaluating restoration success. Monitoring of bars not receiving restoration activities (nonrestored bars) provides important reference points (or controls) for comparison with sites receiving restoration efforts (restored bars). Data collected at nonrestored and restored bars included date of collection, measurements of oyster abundance, individual size, and disease prevalence and intensity.
QUERIES AND METADATA ANALYSES
In our analyses, we considered the timing of an activity (whether restoration or monitoring) and geographically referenced location of that activity (i.e., a bar) to represent a discrete restoration or monitoring ''activity'' for analysis. So, if an oyster bar received numerous substrate additions or was monitored numerous times, each addition or monitoring event counted as an individual activity. The metadata analyses that follow summarize information in the context of this operational definition.
We structured the initial queries of the database to develop and understand the inventory of effort associated with oyster restoration activities throughout the 18 y in the database. Such basic queries are informative in terms of understanding the scale and pattern of oyster restoration. However, there are important caveats to acknowledge at the outset. These are as follows:
d Although we made exhaustive efforts to gather all relevant information from the study period, the data set does not capture all restoration and monitoring activities during this time, either because the data were never recorded and archived or because data were not made available to us. We received complete data sets from the Chesapeake Bay Foundation were incomplete or summarized at scales other than that needed for statistical analysis (e.g., as bar summaries rather than raw data), or were not in electronic form. Furthermore, information on bar status with respect to harvest closures in Virginia was not available at the time of our analysis. d In terms of monitoring efforts, many data were collected for purposes not related directly to restoration. We collated these data in an attempt to assess restoration success, but with the caveat that they are not always temporally or spatially associated with restoration activities. Note that although we use the adjective ''restored'' for bars receiving a restoration activity, it does not mean that the activity was successful in enhancing adult stock or habitat. Note also that the number of bars listed in various tables may not agree from table to table. This occurs because multiple organizations could perform restoration activities, monitoring, or both on the same oyster bar. Thus, if a state agency, a university, and a private organization performed activities on the same bar, the bar might show up 3 times in the data in a particular table, but may represent just 1 bar in another table.
RESULTS
The compiled data revealed a distribution of 1,037 bars Baywide and in the coastal bays ( Fig. 2 ) that were targeted for restoration activity or monitoring between 1990 and 2007. During the study period, restoration activities took place at 378 bars in Maryland and 216 bars in Virginia, and monitoring occurred at 453 and 437 bars in Maryland and Virginia, respectively. The sum of these numbers (1,484) is greater than the value of 1,037 bars targeted for restoration or monitoring, indicating that some bars were both restored and monitored. Of the 1,037 bars for which we obtained data, 43% experienced both restoration and monitoring, with the remaining experiencing either restoration or monitoring alone.
Because a given bar might be restored or monitored (or both) several times between 1990 and 2007, this practice yielded more restoration and monitoring data points than a simple sum of the bars that were manipulated. This is why the number of restoration and monitoring activities undertaken in the two states (total, 11,936; Table 4 ) is much higher than the number of bars restored, or monitored, or both. Restoration alone approximated 18% of all activities in both states whereas monitoring with or without restoration comprised about 82% of the activities (Table 4) . Types of activities used to restore oyster populations in Maryland and Virginia from 1990 to 2007.
Activity Description
Adult stock enhancement Wild seed transplanting Wild seed (young oysters, or spat) are harvested and relocated to areas with low natural recruitment of spat, but where spat are expected to grow to commercial and reproductive size. Hatchery seed planting
Oyster hatcheries produce larvae that are then allowed to settle on shell as spat for subsequent placement in areas with low natural recruitment, but where spat are expected to grow to commercial and reproductive size.
Habitat enhancement Substrate addition Large-scale plantings of oyster shell (and occasionally other substrate) in areas expected to receive consistent settlement of larvae on the substrate. These spat may then grow in the area or may subsequently be transplanted elsewhere as seed. Substrate may also be used to build up a base on which seed can be laid.
Bar cleaning
An activity to maximize survivorship of oysters by removing infected animals from a bar. Commercial fishers are hired to use escalator dredges to remove all live oysters, returning empty shell to the bar. The process excavates the bottom to a depth of ;0.3 m and, through agitation and turnover, sediment is washed off the shell before the shell is returned to the bar.
Bagless dredging
An activity that drags an oyster dredge with no (or an open) catch bag across a bar, stirring up oysters, shell, and sediment. The oysters and shell resettle while sediment is dispersed into the water column and, under appropriate conditions of currents, washed away from the bar. Bagless dredging is thought to be less disruptive of the structural integrity of the bar than bar cleaning with power dredges.
The effort in Maryland reflected in our database surpassed that in Virginia in both restoration and monitoring (Table 4) . This results, in part, from the fact that, although Virginia has a long history of restoration activities on public oyster bars dating back to at least 1915 (Wesson et al. 1999) , georeferenced data suitable for inclusion in our database were available only from 1999 onward.
What Restoration Efforts Have Been Made?
Of the five types of restoration activities used by various agencies, the traditional practice of adding substrate, usually oyster shell and ostensibly to augment natural recruitment, involved more bars (240 in Maryland and 177 in Virginia) than any other activity (Table 5 ). However, in terms of restoration activities, it was second to transplanting seed ( Table 4 ). The remaining restoration techniques-bar cleaning and bagless dredging-were rarely used (Tables 4 and 5 ).
There were habitat differences in terms of restoration in the Bay (main stem and tributaries) and the coastal bays (Table 5) , a reflection of the fact that most oyster bars occur in tributaries rather than in the main stem or the coastal bays. (There are 1,327 bars in the Bay's tributaries, 237 bars in the Bay's main stem, and 121 bars in the coastal bays.) Substrate was added to 317 bars in the Bay's tributaries, 47 bars in the main stem, and 45 bars in the coastal seaside bays. Tributaries also received most of the seed transplants. Bar cleaning was undertaken almost exclusively on tributary bars, with Maryland conducting bar cleaning at more bars than Virginia. Only one seaside bar was cleaned (in Maryland). Bagless dredging was used only in Virginia, at 11 bars in the tributaries and four in the main stem.
The pattern of restoration changed during the course of the study period (Fig. 3) . In Maryland, substrate addition increased through the 1990s, peaking at 45 bars in 1999, followed by lower and relatively constant usage at about 30 bars through 2005, and declining thereafter to 5 bars in 2007 as substrate became scarce. The number of bars receiving wild seed transplants was high in 1992 (52) and 1998 (58), and declined thereafter as use of hatchery seed began to dominate. Transplanting hatchery seed increased from 1997 onward, reaching its highest level in 2006 (48), when it exceeded wild seed transplants (4) by about 10-fold. Bar cleaning began in 2003 (6 bars) in Maryland, with a modest increase to 14 bars in 2007.
As noted earlier, our information on restoration activities in Virginia covers a shorter period than in Maryland (Fig. 3) . (2009)) have also been conducted in Virginia over many years, chiefly in support of the oyster fishery. We did not consider this set of efforts, however, because sufficient data were not available for analysis.
Multiple organizations have been involved in oyster restoration in the region (Tables 4 and 6 ). Most efforts, however, were conducted by the two state agencies with mandated restoration responsibilities: Maryland's Department of Natural Resources (DNR) and Virginia's Marine Resources Commission (VMRC). The DNR performed 6,068 of 7,914 activities in Maryland whereas VMRC performed 2,115 of 4,022 activities in Virginia (Table 4) .
With respect to the number of oyster bars that were restored in Maryland (Table 6 ) as well as the number of restoration activities (Table 4) , the DNR focused on substrate addition and wild seed transplanting, with hatchery seed transplants being uncommon. The Oyster Recovery Partnership predominantly used hatchery seed transplants and bar cleaning (the Partnership was the only Maryland agency to perform this latter activity). The Chesapeake Bay Foundation restored nearly equal numbers of bars with hatchery seed and substrate (Table  6 ), but used hatchery seed more often (Table 4) . No Maryland agency or organization performed bagless dredging during the study period.
In Virginia, VMRC's primary restoration activity was substrate addition, with wild seed transplanted less commonly, hatchery seed not at all, and with bagless dredging and bar cleaning performed at a limited number of locations (Tables 4  and 6 ). In smaller efforts, the Chesapeake Bay Foundation planted mostly hatchery seed and little wild seed whereas the U.S. Army Corps of Engineers added substrate more often than hatchery seed.
Although some bars were the focus of a single restoration activity, the high number of restoration activities reported for both states (Table 4) indicates that restoration efforts during the 18-y period occurred multiple times at many of the bars. For example, staff of the DNR conducted substrate additions and wild seed transplants 312 and 444 times, respectively (Table 4) , sometimes on the same bars. As another example, substrate addition took place on 35 monitored bars at least two different times, and one monitored bar received substrate addition 10 times during the 1990 to 2007 period (data not shown). In some instances, these multiple activities on a single bar were apparently the result of an integrated strategy, such as the addition of substrate followed shortly by the addition of seed. In other instances, however, they appear to be a more haphazard sequence of activities.
We attempted to estimate total acreage restored during the 18-y period. Unfortunately, acreage for some activities apparently was never reported. For example, hatchery seed was transplanted 595 times in Maryland, yet data on area covered were available for only 35% of these activities. In Virginia, only 2% of hatchery seed transplant activities had spatial information available. Acres receiving wild seed were better represented, with 99% of the additions in Maryland and 68% in Virginia having associated areal data. In Virginia, reports of acreage restored using substrate addition were fairly complete: 82% of the reported restoration activities could be related to known acreage. In contrast, Maryland acreage for the activities using substrate addition was known for only 19% of records. A further hindrance to estimating acreage restored involves the fact that a site may have received a restoration activity or activities repeated times, so an estimate of restored acreage would be inflated. Thus, we cannot provide reasonable estimates of total acreage restored based on data in hand.
What Monitoring Efforts Have Been Made?
As with restoration, multiple organizations have participated in monitoring (Tables 4 and 6 ), often with several visits to a bar in a year. The extent of monitoring of oyster bars and restoration bars has been similar in both states throughout the study interval, occurring at 453 bars in Maryland and 437 in Virginia, with tributaries the focus of most efforts in both states (Table 5 ). In both states, the actual location of monitoring did not always coincide with the location of restoration efforts in oyster bars.
In Maryland, monitoring of restored bars occurred 4,465 times compared with 1,883 times at nonrestored bars (Table 4) . Unfortunately, much of the monitoring on restored bars generated only qualitative or semiquantitative data. This problem and the temporal and spatial mismatches between some restoration and subsequent monitoring activities (discussed later) hindered interpretation. In Maryland (Tables 4 and 6 In contrast to Maryland, more monitoring in Virginia was undertaken at nonrestored bars than at restored bars (Tables 4  and 6 ). VMRC was the primary monitoring organization, reporting nearly similar monitoring frequencies and number of 
Assessing Restoration Success
Of the more than 2,000 restoration activities undertaken, a relatively small number were monitored (Table 7) . From the data available, it is clear that there has been limited attention to experiments to assess the efficacy of the various restoration activities. As a result, the kinds and types of data required to determine explicitly the success of restoration were generally not recorded. Estimating success requires that data be collected from a bar both prerestoration and several times postrestoration, and that the bar not be subjected to other activities during the postrestoration data collection period unless these activities are planned and replicated across bars. An additional requirement is that the data be collected in a quantitative manner that allows for estimation of oyster density and condition. Unfortunately, many restored bars had multiple restoration activities with harvest permitted and aperiodic or no monitoring, thereby preventing estimation of the effectiveness of an individual restoration method. We illustrate these issues with the following data.
The number of oyster bars with a single restoration activity and associated monitoring during any 5-y period was low, although the percentage of restored bars subsequently monitored was high (Table 8 ). In Maryland, 53 of 108 bars receiving substrate and 59 of 92 receiving wild seed were monitored both before and after the restoration activity. In Virginia, 6 of 13 bars receiving wild seed and 7 of 10 receiving hatchery seed were preand postmonitored, but only 20 of 128 bars receiving substrate were adequately monitored. A more detailed examination of the timing of the pre-and postmonitoring of the bars with a single restoration activity in a 5-y period indicates that the number of replicates potentially available for an adequate statistical analysis is modest ( Table 9 ). The number of oyster bars with 2 restoration activities and associated monitoring during any 5-y period was also low, but, again, the percentage of restored bars subsequently monitored was high (Table 10 ). The combinations of adding substrate plus wild or hatchery seed represent a substantial number of restoration activities in both states. Monitoring appears to have been conducted at least once after restoration in 60-80% of the bars planted.
Although the information in Tables 8, 9 , and 10 suggests that some bars in Maryland and Virginia should have adequate data for an analysis of the effect of a restoration activity on the oyster population on that bar, many of these bars were open to harvesting during the same period. Even if they were closed, data required for an assessment of restoration success were usually unavailable. For example, an estimate of abundance requires that the area sampled and the number of oysters per sampled area be recorded. Unfortunately, this type of information was often not collected. Much of the monitoring data cannot be used to estimate densities because they were collected with qualitative dredge samples (although these data may be useful for evaluating other aspects of oyster restoration ''success,'' such as estimating growth rates, age or size at disease infection, years to harvest size, and so forth). Last, some bars received restoration activities more than 5 y apart. For example, if a bar received shell one year and was monitored in subsequent years, then received shell more than 5 y later and was monitored, this activity would count as two bars in our summary table. However, the bars are not true replicates because there could be some residual effect from the earlier activity, making the results of the individual restoration activities uninterpretable. In sum, these caveats reduce the number of cases of restoration activities followed by multiple years of monitoring to a level that is not adequate for a rigorous analysis.
DISCUSSION

Key Observations and Cautionary Comments
An important objective of our evaluation effort was to assess the successes and failures of specific restoration activities toward meeting their restoration goals. Important limitations in meeting that objective imposed by the data are summarized here.
Inadequate Data Collection and Replication
Analyzing the success of an individual restoration project at a particular bar requires focused data collection using sampling techniques that are sufficiently quantitative to compare outcomes with goals for that bar, and for comparison with nonrestored reference bars. It also requires sufficiently long-term monitoring pre-and postrestoration activity to capture the effect of the restoration effort. More general analysis needed to improve the effectiveness of restoration and to meet larger scale goals, however, also requires that both the design of the array of restoration projects and the associated data collection be coordinated and planned with sufficient attention to replication and siting to draw meaningful conclusions. For example, replicating alternative techniques (e.g., bar sizes, substrates, seed densities) and using reference bars in a single habitat (salinity zone, tributary vs. main stem Bay) can guide future restoration efforts in that habitat type by providing information on the relative effectiveness of the tested techniques. Alternatively, replication across habitats can provide information on how the effectiveness of tested techniques varies with environmental conditions.
Despite the large number of restoration activities in the database, the lack of replication of specific combinations of --170  1  177  50  -2 different  74  44  -3 different  24  1  -4 different  8  --Virginia  None  --273  1  118  43  -2 different  42  9  -3 different 4 --restoration activities in or among habitats severely hampered our ability to evaluate the effectiveness of restoration to date. An analysis of activities at 57 bars in Maryland that were both closed to harvest for at least 1 y and for which data on live oysters were collected sometime during the 18-y study period reveals that replication of specific techniques was rare. Eleven of the bars received no restoration activity and so could serve as replicates of that action. However, the remaining 46 bars received 34 different combinations of restoration activities. One restoration activity-shell addition-had 6 replicates (unfortunately, the collected data were not quantitative); three other combinations of restoration activities had three possible replicates each, 1 had 2, and the remaining 29 combinations were unreplicated. If we relax the criteria for inclusion of bars in analyses and pool bars receiving 1 or 2 repetitions of the same activities, 4 restoration types had at least 4 replicates: (1) shell addition and hatchery seed addition, (2) shell addition only, (3) hatchery seed addition only, and (4) bars receiving no restoration activities.
Although these ''treatments'' would seem to form a basis for important analyses (e.g., Does addition of hatchery seed provide any benefit beyond addition of shell only?), variation among potential replicates renders some data unsuitable for such comparisons. For example, of 8 bars with 1 or 2 shell additions and hatchery-seed additions, (1) the number of years between shell additions and hatchery seed additions ranged from 0-7 y, (2) 2 bars were not actually closed to fishing the year after shell addition or in the subsequent year, and (3) only 3 bars were both monitored and closed for at least 2 y after seed addition. Furthermore, bars receiving similar restoration activities often varied in habitat, size, and specifics of the restoration techniques used.
A similar analysis of data from Virginia is currently not possible. The opening dates and durations of opening of the Virginia public oyster grounds for harvesting are set annually by VMRC at their September meeting. Occasionally, the dates and durations of opening have been modified by emergency action at subsequent meetings. These actions are recorded in the 
Confounding Effects of Harvesting
Most restoration activities in Maryland were associated with ''open'' oyster bars, indicating that restoration efforts were targeted to support the fishery. For example, in Maryland, 388 bars were open to the fishery between 1990 and 2007, and were also monitored at some point during the study period. Of those bars, 235 had at least one restoration activity performed. Additional fishery-related restoration activities in Maryland were associated with oyster bars that were closed for one to several years before being reopened. For example, there were 46 bars with at least one restoration activity that were closed at some point during the study period. In Virginia, data for open and closed areas were not available in an electronic or other format that was compatible with the database. Hence, the intent of restoration efforts for most bars in Virginia cannot be ascertained at this time.
Limited Quantitative Sampling Effort
In Maryland, most of the data on oysters came from semiquantitative sampling (timed dredge samples, with no tow distance recorded). For all Maryland samples, regardless of organization, there were 4,439 dredges that had no tow length recorded and 190 monitoring activities that were collected by hand or by a diver with no quadrat sampler involved or with unknown gear. The DNR alone performed 4,018 dredge tows with no distances recorded. Quantitative, spatially explicit sampling by the DNR (timed dredges, patent tong use, or quadrat sampling) comprised just 1,013 activities in Maryland, including 806 dredge samples with distances recorded and 181 patent tong samples.
The semiquantitative data may serve the purposes for which they were intended (e.g., evaluating recruitment success or informing fisheries management decisions), but unfortunately cannot be used to assess the success or failure of many restoration activities with respect to population dynamics and quantitative abundance estimates. In addition, harvest data are not available for specific bars, so we cannot determine whether restoration efforts resulted in improved harvests. However, it is possible that the associated disease data will be useful for addressing potential changes in disease status on restored bars.
In Virginia, VMRC and VIMS collected 2,726 samples by dredge, by hand, by diver with no quadrat in hand, or by unknown means. An additional 772 samples were taken by patent tong or by a diver with a quadrat sampler. Overall, a greater proportion of monitoring data was collected by spatially explicit sampling in Virginia. VMRC alone collected 997 samples by divers using quadrats or patent tongs versus 149 by untimed dredge samples. However, several issues need to be resolved to make good use of the quantitative Virginia sampling. Different sampling protocols have yielded different density estimates, and, as noted earlier, restoration goals and information on whether bars were closed to fishing during and subsequent to restoration efforts are missing. In addition, data on numbers of replicate samples taken for much of the Virginia monitoring data have not been provided. The absence of this information precludes useful analyses.
What Conclusions Have We Drawn?
We conclude that the limitations cited earlier hinder using the database to evaluate the success or failure of specific restoration activities on specific oyster bars or the efficacy of particular restoration techniques in general. Further data collection efforts, such as the harvest pattern for bars in Virginia, might reveal additional information that would make the data in our database more useful.
Recent collaborative restoration efforts in Virginia (U.S. Army Corps of Engineers, VMRC, VIMS) and in Maryland (Oyster Recovery Partnership) have been more explicit in their goals and more thoroughly monitored. Designation of specific restoration bars as sanctuaries (e.g., Palace Bar Reef in the Piankatank River, VA, or Shoal Creek and States Bank in the upper Choptank River, MD) imply ecological goals. However, such designations do not distinguish between particular ecosystem services that are being targeted (e.g., a spawner sanctuary for repopulating the region vs. provision of habitat on the sanctuary bar itself). Monitoring activities associated with these bars generally included quantitative estimates of recruitment and population abundance, oyster growth and survival, and disease prevalence and intensity. The data derived from these more quantitative activities may allow an interested party to determine success or failure of individual projects. However, activities not recorded in the data set (e.g., poaching on sanctuary bars) could hinder any effort to interpret the results of statistical analyses of the available data. Furthermore, the limited number of replicates in relation to sampling techniques, salinity zones, and habitats will hinder the ability to draw general lessons from multiproject comparisons. A widespread restoration activity throughout the period was the addition of substrate, which can result in short-term enhancement of oyster recruitment (e.g., Brumbaugh & Coen 2009 ). Our database may permit an evaluation of this issue on a broader scale. However, the lack of data on other possible effects on recruitment, such as sediment and fouling organisms on shells, limits the ability to ascribe causes to any patterns uncovered.
To supplement broodstocks and to increase spawning success, oysters have been added to sanctuary bars by governmental and nongovernmental organizations with increasing frequency during the study period (150 bars had hatchery seed transplanted and 100 bars had wild seed transplanted at some point during the study period). Some recent reports have supported the utility of supplementing broodstock (e.g., Southworth & Mann 1998 , Brumbaugh & Coen 2009 ). Unfortunately, most of the bars in our study had several restoration activities at different times with different monitoring activities and different closure dates. As a result, the combined data set will not provide the foundation for satisfactory analyses.
Although the inferred goals of some of the activities in the database included the restoration of ecological functions provided by oyster bars, few studies collected data directly related to those functions other than those (e.g., filtration rates) that can be directly calculated from size and abundance data. Recent studies on restored oyster bars in low-salinity areas in Maryland (the Chester, Choptank, Severn, and Patuxent rivers) and in mesohaline areas in Virginia (the lower Rappahannock River) have related some additional aspects of ecological functions to oyster abundance data (Luckenbach et al. 2005; Paynter et al. 2010) . The ability to use the database to extend the inferences from these studies to other restoration bars is uncertain at this point, but we expect that comparisons between bars might enhance the ability to infer ecological success where they have not been specifically measured. Those inferences, of course, depend on the similarity of data collection methods and timing of the sampling between bars.
One final caution involves the natural high variability in oyster population dynamics, including the extremely large yearto-year variability in spat settlement in Chesapeake Bay (e.g., Shaw 1969 , Krantz & Meritt 1977 , Kennedy 1980 , Newell et al. 2000 . The presence of such variability requires longer term studies than have been performed to date when assessing whether a restoration activity has modified local population dynamics in a positive way or whether sustained restoration efforts would be required to increase the oyster population in the Bay.
Our analysis strongly suggests that restoration and monitoring efforts need to be organized and coordinated in a much more stringent manner to facilitate the collection of data essential for assessing the efficacy of these efforts. In our study, 12 different agencies and organizations provided data in various formats. The combined efforts are remarkable in many respects and the analyses we conducted make clear the many ways that these entities have worked together to address the challenge of oyster restoration. However, given the wide range of habitats and the types and combinations of restoration activities implemented, we could draw few conclusions about the efficacy of most restoration efforts. We do conclude, however, that monitoring and management protocols of most restoration activities have been inadequate for any evaluation of the success of any activity on a particular bar. To allow future rehabilitation efforts to be successful, a robust stock assessment program (monitoring) is required to detect local and systemwide changes that may be the result of restoration activities. This assessment program needs to be capable of tracking spatially explicit (i.e., bar-specific) changes in oyster abundance, mean oyster size, recruitment, disease levels, and mortality over time.
RECOMMENDATIONS
Definitive steps can be taken to improve and enhance restoration and stock assessment efforts (Table 11 ). To begin, there must be clearly articulated goals for these efforts, whether to support the oyster fishery, for long-term restoration of ecological services, or both. To accomplish these goals will require scientifically rigorous designs for restoring a region, accompanied by preand postmonitoring and specific assessment plans. For example, the restoration project described in Schulte et al. (2009) used before-and-after bottom substrate and oyster population assessments to evaluate an experimental test of potential benefits of vertical relief for fostering oyster growth and population increases. Different end points will likely require different designs for given activities, and possibly different methods of sample collection. Data collection should include repeated Recommendations for future oyster restoration and monitoring activities.
measures of oyster size, abundance, and disease status as well as other goal-specific data. Such efforts will require some form of random sampling and measures of effort. It is important that sites can be identified accurately and easily in the future, so georeferencing technology is essential. Sustained funding will be required to support these long-term efforts.
Effective restoration will be greatly enhanced by collaboration among organizations for single site-specific restoration, and more fully integrated data collection and monitoring of critical variables that are common to all efforts and that are subject to rigorous quality control. Collected data should be posted to a central collaborative database that should build on the work of this project and should explicitly identify the potential limitations of contributed data. The database should also be governed by clear guidelines for how and when data are to be provided, and should be based on clear agreements regarding data availability, sharing, and use. Although publication rights could be legitimately restricted to protect the efforts of those involved in monitoring, the database should be accessible to all stakeholders interested in the outcome of public investments in oyster restoration. Last, harvesting must be banned from restored bars during monitoring periods so that monitoring of growth and the progression of disease is maintained for sufficient duration to assess fully the efficacy of the restoration activity.
Maryland and Virginia are not alone in experiencing the decline of populations of oysters and the loss of ecological services provided by this supreme ecological engineer. Shellfish bars worldwide are diminishing (Beck et al. 2011) . However, there remains great interest and substantial investment of public funds in restoring oyster bars in Chesapeake Bay. Our findings should enable future efforts to be more successful.
